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 要  旨 
 流体がせん断流れの中にあるとき，流体の示す様々な変動が抑制されることが線形理論により
知られている．そのような変動として交換型不安定性がある．線形理論において，せん断流れ
の下で交換型不安定性が抑制される条件はすでに知られている．本研究の目的は，非線形性を
導入した場合にも同様に抑制が見られるかを非線形シミュレーションにより検証することであ
る． 
 本研究では，2次元非圧縮流体について渦度方程式と連続の式を導出し，非線形シミュレーシ
ョンを行うことで，せん断流れ中の交換型不安定性の非線形な振る舞いについて調べた．非周
期的なせん断流れを考えると，周期境界条件をそのまま用いることはできない．そこで，中心
計算領域に対して隣接領域がせん断流れにあわせてずれていくことで周期性を保つ shearing 
box 境界条件を用いた． 
 線形理論で不安定性が抑制されるパラメータにおいて，密度の初期擾乱を変更しながらシミュ
レーションを行った．1 つの波数で表される初期擾乱を与えた場合，線形理論と一致する結果
が得られた．一方，同じ初期擾乱に複数の波数成分からなるノイズを加えてシミュレーション
したとき，2次的に発生した Kelvin-Helmholtz 不安定性が成長し乱流となった． 
 本研究では，線形理論における抑制条件の下でも非線形シミュレーションでは抑制されない場
合があることが確認された．今後の課題としては，基本擾乱の振幅とノイズの大きさを変えな
がらシミュレーションを行って抑制の有無を観察し，非線形シミュレーションにおける抑制条
件を示すことが挙げられる．また，本研究で行ったシミュレーションでは空間解像度が粗く乱
流に対する継続的なシミュレーションは行うことができなかった．解像度を上げてシミュレー
ションを行い乱流になった後の振る舞いを観察することも今後の課題である． 
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? 1: ????????????????????
2.1 ????????
2.1.1 ?????
???????????????Navier-Stokes???
@v
@t
+ v  rv =  1

rp+ r2v + g (1)
?????????? t??? x?????? v(t;x)??? p(t;x)??? (t;x)???
???  ????????? g ???? g ? y ?????????
???????? 0 ?????? 1(t;x)????
 = 0 + 1 (2)
?????????p???? 0 ???????? p0(y)???? p1(t;x)????
p = p0 + p1 (3)
???????????
g =
1
0
rp0 (4)
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??????????????????????????????
1  0
p1  p0 (5)
???????Boussinesq ?? [2]???????? 1 ??? p1 ? 2 ???????
?????? (1)????????????
 1

rp+ g =  1
0 + 1
r(p0 + p1) + g
 

1
0
  1
20

(rp0 +rp1) + g
  1
0
rp1 + 1
0
g
(6)
??????????? (1)?
@v
@t
+ v  rv =   1
0
rp1 + r2v + 1
0
g (7)
????????
? (7)???? r??????????????
A  rA = r

1
2
A2

 A (rA) (8)
r (rf) = 0 (9)
???
@(r v)
@t
 r (v  (r v)) = r2(r v) +r

1
0
g

(10)
????
???????????????? x ?????????? y ??????????
?????????????????????? v0 ????  ????
v0 =
0@ y0
0
1A (11)
????? (? 1)??? v0 = y ????v1 ?
v1 = v   v0 =
0@ v1xv1y
0
1A (12)
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?????? r v ???????????? r v0 ??????? ! ??????
???! ?
! = r v  r v0 (13)
= r v1 (14)
???????! ??????????? z ??? !z ?????? ! ????????
(10)?
@!
@t
+
@(r v0)
@t
 r (v  (!   z^)) = r2(!   z^) +r

1
0
g

(15)
?????????z^ ? z ?????????????????v0 ??????? ??
????????????
@!
@t
 r (v  (!   z^)) = r2! +r

1
0
g

(16)
????
? (16)???? 2?????????
r (AB) = (B  r)A  (A  r)B +A(r B) B(r A) (17)
???
r (v  (!   z^)) = ((!   z^)  r)v   (v  r)(!   z^)
+v(r  (!   z^))  (!   z^)(r  v) (18)
????? (18)?????? z^ ??????????2??????????
z^  v = 0 (19)
??????????????
r  v = 0 (20)
???
z^  ((!   z^)  r)v = 0 (21)
z^  (v  r)(!   z^) = v  r(!z   ) (22)
z^  v(r  (!   z^)) = 0 (23)
z^  (!   z^)(r  v) = 0 (24)
?????????
z^  (r (v  (!   z^))) =  v  r(!   z^) (25)
6
????
v1 ????????? ?????v1 ? ????
v1 = r z^ = t

@
@y
;  @
@x
; 0

(26)
???????? (20)?????? (25)????????????
v  r(!   z^) = (v0 + v1)  r!
= v0
@!z
@x
+ v1x
@!z
@x
+ v1y
@!z
@y
= v0
@!z
@x
+
@
@y
@!z
@x
  @
@x
@!z
@y
= v0
@!z
@x
  f; !zg
(27)
??????????ff; gg? Poisson??????Jacobian
J(f; g) =
@(f; g)@(x; y)
 (28)
?????
? (16)???? 4?? z^ ?????
z^  r 

1
0
g

=   g
0
@1
@x
(29)
????
??????????
@!z
@t
+ v0
@!z
@x
  f; !zg = r2!z   g
0
@1
@x
(30)
???????
2.1.2 ??????????
????????????
@
@t
+r  (v) = 0 (31)
????? (31)?? 1???
@
@t
=
@(0 + 1)
@t
=
@1
@t
(32)
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? (31)?? 2??????
r  (1v) = r  (1v1 + 1v0)
=
@
@x

1
@
@y

  @
@y

1
@
@x

+
@(1v0)
@x
=
@1
@x
@
@y
  @1
@y
@
@x
+ v0
@1
@x
=  f; 1g+ v0 @1
@x
(33)
??????
r  (0v) = r  (0v1 + 0v0)
=
@
@x

0
@
@y

  @
@y

0
@
@x

+
@(0v0)
@x
=  00
@
@x
(34)
????????00 ? 0 ? y ??????????????????????????
??????????????????????? 00 ?????????????
??????????????? (31)???
@1
@t
+ v0
@1
@x
  f; 1g = 00
@
@x
(35)
???????
2.1.3 ??????????? Poisson???
? (14)?? (26)???
! = r (r z^)
= t

@
@y
 0  @
@z

@
@x

;
@
@z
@
@y
  @
@x
 0; @
@x

 @
@x

  @
@y
@
@y

= t

@2
@x@z
;
@2
@y@z
;  

@2
@x2
+
@2
@y2
 (36)
z ??????????
!z =  

@2
@x2
+
@2
@y2

=  r2 (37)
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??????Poisson???
r2 =  !z (38)
???????
2.2 ????
???????????????????????????????????????
????????????????????????????????????????
??????????
0  x  Lx; 0  y  Ly (39)
????
x???????????? f(x; y)??????????
f(x; y) = f(x+ Lx; y) (40)
?????
y ???????????? (11)???????????????? t = 0? y ??
?????????????????????
f(x; y) = f(x; y  Ly) (t = 0) (41)
????t = 0?????? (x; y  Ly)?????t = t1 ???? (x; y)??????
? Lyt1 ?????????? x??????????????y ?????????
???????????????????????????
f(x; y) = f(x Lyt; y  Ly) (t > 0) (42)
??????? shearing box??????? [3]?
3 ???????
n???????? t? tn ????t?????????? y ?????
yn := y(tn) (43)
???????????????
tn+1   tn = 1; tn   tn 1 = 2 (44)
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????
xy ???????????????? hx; hy ? (Nx + 1) (Ny + 1)???????
???????????????? (x0; y0)??????? x??? i????????
x??? xi?y ??? j ???????? y ??? yj ?????????
xi = x0 + ihx i = 0; 1; 2;    ; Nx
yj = y0 + jhy j = 0; 1; 2;    ; Ny (45)
????x; y ?????????? f ?????
fi;j := f(xi; yj) (46)
??????
3.1 ????
!z ? 1 ?????????? 1??????? Euler??????? 2?? Adams-
Bashforth? [5]?????????
?? Euler????? 1???????????
!z
1
i;j = !z
0
i;j +1
 
 v0j @!z
@x
0
i;j
+ f; !zg0i;j +
 r2!z0i;j   g0 @1@x
0
i;j
!
(47)
1
1
i;j = 1
0
i;j +1
 
v0j
@1
@x
0
i;j
+ f; g0i;j + 00
@
@x
0
i;j
!
(48)
????v0 = v0(y)??????v0 ? x?????????v0j = v0(yj)????
Adams-Bashforth?????????????????Lagrange?????????
??????????????
dy
dt
= f(t; y(t)) (49)
?????????
yn+1 = yn +
Z tn+1
tn
f(t; y(t)) dt (50)
??????????? ~f ? (tn; f(tn; yn)) ? (tn 1; f(tn 1; yn 1)) ?????? La-
grange??????????
~f(t; y(t)) =
t  tn 1
tn   tn 1 f(t
n; yn) +
t  tn
tn 1   tn f(t
n 1; yn 1)
=
t  tn 1
2
f(tn; yn)  t  t
n
2
f(tn 1; yn 1)
(51)
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???????????? (50)???????
yn+1  yn +
Z tn+1
tn
~f(t; y(t)) dt (52)
?????????Z tn+1
tn
~f(t; y(t)) dt =
f(tn; yn)
2
Z tn+1
tn
(t  tn 1) dt  f(t
n 1; yn 1)
2
Z tn+1
tn
(t  tn) dt
=
f(tn; yn)
2

1
2
(tn+1   tn 1)2   1
2
(tn   tn 1)2

  f(t
n 1; yn 1)
2
1
2
(tn+1   tn)2
=
1(1 + 22)
22
f(tn; yn)  
2
1
22
f(tn 1; yn 1)
(53)
?????????y ???????
yn+1 = yn + c1f(t
n; yn) + c2f(t
n 1; yn 1)
c1 =
1(1 + 22)
22
; c2 =   
2
1
22
(54)
????
!z ? 1 ?????? (54)????????????????
!z
n+1
i;j = !z
n
i;j + c1
 
 v0j @!z
@x
n
i;j
+ f; !zgni;j +
 r2!zni;j   g0 @1@x
n
i;j
!
+ c2
 
 v0j @!z
@x
n 1
i;j
+ f; !zgn 1i;j +
 r2!zn 1i;j   g0 @1@x
n 1
i;j
!
(55)
1
n+1
i;j = 1
n
i;j + c1
 
v0j
@1
@x
n
i;j
+ f; gni;j + 00
@
@x
n
i;j
!
+ c2
 
v0j
@1
@x
n 1
i;j
+ f; gn 1i;j + 00
@
@x
n 1
i;j
! (56)
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3.2 Poisson??????
??????????Poisson?????????? Arakawa???? [6]?????
????Arakawa ???????????????????????????????
????????????????????????? 2??????????Jacobian
J(f; g) = ff; gg???? 3???
J++ =
@f
@x
@g
@y
  @f
@y
@g
@x
(57)
J+ =
@
@x

f
@g
@y

  @
@y

f
@g
@x

(58)
J+ =
@
@y

g
@f
@x

  @
@x

g
@f
@y

(59)
?????3 ???????? 2 ???????????????? (57)-(59) ???
1=3??????????????
ff; ggi;j =   1
12hxhy
f(gi;j 1 + gi+1;j 1   gi;j+1   gi+1;j+1)(fi+1;j   fi;j)
+(gi 1;j 1 + gi;j 1   gi 1;j+1   gi;j+1)(fi;j   fi 1;j)
+(gi+1;j + gi+1;j+1   gi 1;j   gi 1;j+1)(fi;j+1   fi;j)
+(gi+1;j 1 + gi+1;j   gi 1;j 1   gi 1;j)(fi;j   fi;j 1)
+(gi+1;j   gi;j+1)(fi+1;j+1   fi;j)
+(gi;j 1   gi 1;j)(fi;j   fi 1;j 1)
+(gi;j+1   gi 1;j)(fi 1;j+1   fi;j)
+(gi+1;j   gi;j 1)(fi;j   fi+1;j 1)g
(60)
???????????? Arakawa??????? Jacobian????
Arakawa????????????? Jacobian??Jacobian???
ff; gg =  fg; fg (61)
???????????????????????????????????
3.3 ???????
??????????r2f ???????????? r2fn
i;j
=
fni+1;j   2fni;j + fni 1;j
h2x
+
fni;j+1   2fni;j + fni;j 1
h2y
(62)
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?????????
3.4 Poisson???????
? (38)???????????
i+1;j   2i;j + i 1;j
h2x
+
i;j+1   2i;j + i;j 1
h2y
=  !z i;j (63)
????
i;j ??? !z i;j ????????????? ?
?????
 = t
 
0;0; 0;1;    ; 0;Ny ; 1;0;    ; Nx;Ny


 = t
 
!z 0;0; !z0;1;    ; !z0;Ny ; !z1;0;    ; !zNx;Ny
 (64)
? (63)???????????????? 1????
A = 
 (65)
?????? A?????
???????????? 1????????????? Lis*1[4]????? Bicon-
jugate Gradient(BiCG)?????? (65)?????
BiCG???????? [7]??????? 1????
3.5 Shearing box ????????
? (42)????? shearing box????????????????????????
????????????
  0????????????????????????????? 2??????
??????????????? V ????????????  V ?
V = Ly (66)
??????????? j? 1; Ny+1?????????????? 0  j  Ny ??
??????????? 1  j  Ny +1????????????j = Ny + 1; j =  1
???? j = 1; j = Ny   1???????????????????????????
?????????????? 3????? (0; 0)????????????? ????
*1 The Scalable Software Infrastructure Project??????? (????)????????????
???????????????????????????Version 1.0.0 ? 2005 ? 9 ? 20 ????
????2016? 1? 25???????? Version 1.5.62.
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?????? 1 ??????? Ax = b???? BiCG?
x0: ??????
r0  b Ax0
choose r0 such that r

o  r0 6= 0
p0  r0
p0  r0
while jjrkjj > jjbjj do
qk  Apk
qk  AHpk
k  r

k  rk
pk  qk
xk+1  xk + kpk
rk+1  rk   kqk
rk+1  rk   kqk
k  
rk+1  rk+1
rk  rk
pk+1  rk+1 + kpk
pk+1  rk+1 + kpk
end while
y
x
(a) t = 0
y
x
d
d
(b) t = t0 > 0
? 2: ???????????????????????????????
????????????????????????????t = 0 ??
x; y ????????????????????????????????
????????
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(0,-1)
(i ,Ny-1)
b
0
1
2
3
Ny
Ny-1
Ny-2
Ny-3
hxκ
? 3: ???? (0; 0)????????????????????????
?????????????????????????????????
??????????????????????????????????
????
? 3??????????????? (0; 1)???????????????????
? (ib; Ny   1)(??????)?????? t?????????????? d?
d = V t (67)
????d ??????? d=h ???????????????? n; ib (0  ib < Nx)
?
ib + nNx  d=h < ib + nNx + 1 (68)
?????????x ???????????????? Nx ??????????
???
ib  oor(d=h) mod Nx (69)
????????oor ????????????????????(0; Ny + 1) ???
(it; 1)?
it = Nx   ib   1 (70)
???????x ???????????????(i;Ny + 1) ??? (it(i); 1) ???
(i; 1)??? (ib(i); Ny   1)?????
ib(i)  ib(0) + i mod Nx (71)
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??????? it(0) = it; ib(0) = ib ????? 3?????(ib; Ny   1)? (0; 1)?
????????? hx ???  : 1???????????? (ib; Ny   1)?(0; 1)?
????????????????0   < 1??????????????????
??????? d=h?????????
 = d=h  oor(d=h) (72)
????
(i;Ny + 1) ??????????????? (it; 1) ??????????????
???
it(0) = Nx   ib(0)  1
it(i)  it(0) + i mod Nx
(73)
???????(i;Ny + 1)? (it; 1)????? (1  )hx ????
(i; 1)??? (i;Ny + 1)???????????? 4???? 3?? Lagrange??
(4???)???????????????????????????????????
?????????? (?? A(105))? 2?????????????????????
????A?????xk 1 < xk  x  xk+1 < xk+2??? 4? xk 1; xk; xk+1; xk+2
???? fk 1; fk; fk+1; fk+2 ???? 4???? Lagrange????
f(x; k   1; k; k + 1; k + 2) 
2X
m= 1
ff+mlm(x)
lm(x) =
Y
 1m02
m 6=m0
x  xm0
xm   xm0
(74)
??????? it(i) ??? ib(i) ? k ????? (74) ?????????????
???
4 ?????????????????????????
??????????????????????????????????????
??????????????????????? [1]???????????????
?????????????????????????
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4.1 ???????????????
????? (30)??????? (35)????  = 0????????????
(@t + v0@x)r2 = g
0
@x1 (75)
(@t + v0@x) 1 = 
0
0@x (76)
??????????v0 = y ????!z ?? Poisson??? (38)??????? (75)
???? (@t + v0@x)??????? (76)??????????????
(@t + v0@x)
2r2 = 
0
0g
0
@2x (77)
??????
? (77)? ???????????
(t;x) =
Z
(t;k) ~'(t;k;x) dk (78)
?????? ~'???????????????????
~' (t;k;x) = exp [ikx (x  yt) + ikyy]
= exp
h
ikxx+ i~ky (t) y
i (79)
?????????~ky(t) = ky   kxt????
r2? @2y????
@2y =
Z
 (t;k) @2y ~' (t;k;x) dk =  
Z
~k2y
 ~'dk (80)
@2x????????????
r2 =  @2x + @2y =   Z k2x + ~k2y  ~'dk (81)
????
@tr2?????
@tr2 =  @t
Z 
k2x +
~k2y

 ~'dk
=  
Z
@t
h
k2x +
~k2y


i
~'dk  
Z 
k2x +
~k2y

@t ~'dk
=  
Z
@t
h
k2x +
~k2y


i
~'dk + iy
Z 
k2x +
~k2y

kx ~'dk
(82)
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?????? v0@xr2?
v0@xr2 =  y@x
Z 
k2x +
~k2y

 ~'dk =  iy
Z 
k2x +
~k2y

kx ~'dk (83)
??????
(@t + v0@x)r2 =  
Z
@t
h
k2x +
~k2y


i
~'dk (84)
????(84)????????? (@t + v0@x)??????
(@t + v0@x)
2r2 =  
Z
@2t
h
k2x +
~k2y


i
~'dk (85)
????(77)???? (85)???? ~' (t;k0;x)????x?????????????
?? ~'(t;k;x)? t?????????????????Z
~' (k0;x) (LHS) dx =  
Z
~' (k0;x)
Z
@t
h
k2x +
~k2y


i
~' (k;x) dkdx
=  
Z
@t
h
k2x +
~k2y


i Z
~' (k;x) ~' (k0;x) dxdk
=  42
Z
@t
h
k2x +
~k2y


i
 (kx + k
0
x) 

~ky + ~k
0
y

dk
=  42 d
dt
h
k02x + ~k
02
y

 ( k0)
i
(86)
???????????Z
exp(i(kx + k
0
x)x) dx = 2(kx + k
0
x) (87)
?????? [8]?
(77)????????
00g
0
@2
@x2
=  
0
0g
0
Z
k2x
 ~'dk (88)
????(77)???? ~' (t;k0;x)????x??????????????? ~'(t;k;x)
? t?????????????????Z
~' (k0;x) (RHS) dx =  
0
0g
0
Z
~' (k0;x)
Z
k2x
 ~'(k;x)dkdx
=  
0
0g
0
Z
k2x

Z
~' (k;x) ~' (k0;x) dxdk
=  42 
0
0g
0
Z
k2x
 (kx + k
0
x) 

~ky + ~k
0
y

dk
=  42 
0
0g
0
k02x ( k0)
(89)
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????
(86)??? (89)???(t)??????????
d2
dt2
h
k2x +
~k2y(t)

 (t)
i
= k2x
2 (t) (90)
????????2 = 00g=0 ?????
4.2 ??????????????
(90)???? 1=k2x2t2 ???? 
1 +

1
t
2
+

ky
kxt
2!
d2 
dt2
+

4
t
  4ky
kxt2

d
dt
+

2
t2
  
2
2t2

 = 0 (91)
????t????????
t ky
kx
; t 1

(92)
??????k????????
d2 
dt2
+
4
t
d
dt
+
2  
t2
 = 0 (93)
?????????  = 2=2 ????????????????????  ????
????????  ??????(93)? t = e ??????
d2 
d2
+ 3
d
d
+ (2  ) = 0 (94)
????????????
 = C1t
m+ + C2t
m  (95)
????????C1 ??? C2 ???????
m =
 3p1 + 4
2
(96)
????m+  m  ???(95)?????????m+ ???????????????
lim
t!1
 =
8<: 1  > 2const:  = 2
0  < 2
(97)
??????????
19
 0
 1e-05
 2e-05
 3e-05
 4e-05
 5e-05
 6e-05
 7e-05
 0  5  10  15  20  25  30
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t
Linear
Non-linear ν=0
Non-linear ν=0.001
? 4: ????????????????????
4.3 ??????????????
????
!z(0;x) = 0
(0;x) = 0
1(0;x) =  cos(2x+ 10y)
(98)
????(30)?(35) ??? (38) ?????????????????????Lx =
; Ly = ;Nx = 80; Ny = 200;t = 0:001????y????? ~ky = ky kxt???
????????????????Ny ?????????????????kx = 2??
???????Nx ???????????  = 10 5; g=0 = 1; 00 = 1;  = 1????
????  = 1????????????  = 0; 0:001? 2????????????
? (90)??????? C??????? (98)???????????4? Runge-Kutta
??????
??? ??????? 4?????????????? ???? max ? ?
??????? (???)?????????????????? (???)??????
??????t = 15???????????????????????????????
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? 1: ??????????????????
?? 1 2 
A 10 2 0 1
B 10 2 1=2 1
C 10 1 0 1
D 10 2 1=2 0.5
E 10 1 0 0.5
???????????????????????t = 15??????????????
??t??????
~ky(t) = j(ky   kxt)j?????????????? B?????
????????????????????Ny = 200???t = 10?? ( ~ky =  20)?
????????????????????????????????????????
??????????????
5 ??????????????????????????
5.1 ????????????
???????????????  ?????????????????? 5???
??????? A?? E???? (? 1)???????? 1(0; x; y)????
1(0; x; y) = f + n (99)
???1?????????? f ???????? (A,C,E)??????? n ???
??? (B,D)?????????????????????? f ??? 1 ?????
kx = 2; ky = 10???
f = 1 cos(2x+ 10y) (100)
??????? n ?
n =
X
 2kx2
0ky10
2(Rs(kx; ky) sin(kxx+ kyy) +Rc(kx; ky) cos(kxx+ kyy)) (101)
?????????????????????????Rs; Rc??? ( 1; 1)?????
????????????????????????? Lx = ; Ly = ;Nx = 200; Ny =
200;t = 0:001???????
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Time t
ε=10-2
ε=10-5 (x103)
? 5: ?? 10 2 ???????????? max ????? (???)??
? 10 5 ???????????? max  103 ????? (???)(??
A)
5.2  = 1????????????
???????? A,B,C????????????????  = 1????????
????? 3???????????
5.2.1 ?? 10 2 ???
A???? max ??????? 5????????????? max ??? ???
????? = 10 2 ???? max ??????? = 10 5 ???? 103 ??????
????????????????????????????????????????
?????????????????????
5.2.2 ????????? 10 2 ???
B? A?????? 2 = 1=2??????????????B???? max ??
????? 6???????????? t = 5?????????????????t = 7
????  ?????????t = 10 ?????? !z ? xy ???????? 7 ??
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Time t
10-1+noise
10-1
? 6: ?? 10 2 ???????????????? max ????? (?
??)?????????? max ????? (???)(?? B)
??t = 10 ???? (kx; ~ky(10)) = (2; 5) ????????????????????
??????????? Kelvin-Helmholtz(KH)?????????t = 18?????
?????????????
5.2.3 ?? 10 1 ???
C? 1 = 10 1 ????????????????? (2 = 0)??????C???
? max ??????? 8 ????t = 10 ????????????????????
???????? max ???????????
t = 10 ?????? !z ? xy ???????? 9 ????t = 10 ????
(kx; ~ky(10)) = (2; 5) ????????????????? KH ?????????
t = 12??????????????????
KH ????????????????????????????????????
2 = 0 ????KH ??????????????????????????????
??????????????????????????KH????????????
????
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(a) t = 10 (b) t = 11
(c) t = 12 (d) t = 13
(e) t = 15 (f) t = 18
? 7: ????????? 10 2 ???????????? !z ?????
(?? B) 24
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Time t
ε=10-1
ε=10-5 (x104)
? 8: ?? 10 1 ???????????? max ????? (???)??
? 10 5 ???????????? max  103 ????? (???)(??
C)
5.3  = 0:5?????????
 = 1????????????????????????????? B,C?????
00 = 0:5 ???????????????  = 0:5 ???????????? D,E ?
????
5.3.1 ????????? 10 2 ???
D ?????? 1 = 10 12 = 1=2 ??????????????????D ??
?? max ??????? 10????t < 15???????????????????
?????????????t > 15 ?? j~kyj > 20 ????????????????
(Nx; Ny) = (200; 200)???????????????????????
5.3.2 ?? 10 1 ???
E???? max ??????? 11???? = 0:5?????????????
?????????????? = 1??? C??????????????????
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(a) t = 10 (b) t = 10:6
(c) t = 10:8 (d) t = 11
(e) t = 11:2 (f) t = 12
? 9: ?? 10 1 ?????????? !z ????? (?? C)26
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Time t
10-2+noise: α=0.5
? 10:  = 0:5??? 10 2 ???????????????? max ??
??? (?? D)
?? KH?????????????????????????????? ( = 0:5)?
????????????
5.4 ??????
 = 1????????????? 1 = 10 2 ????????? A(5)?? max ?
???????????? 1???????????????????????????
A????????????????? 2 = 10 2=2???????? B(? 6?7)???
KH?????????max ?????? = 1???????? [1]????????
???????????????????????????? 2 ??? KH ?????
?????????????????????????????alpha = 1??????
?? 1 = 10 1?????? (2 = 0)??? C(? 8?5.2.3)????????????
????? KH ????????????????????????????????
???????KH??????????
2??? KH????????????? B??? C??????????????
???  = 0:5??????????????? D(? 10)?E(? 11)?? 2?????
????????????????????????????????????????
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Time t
10-1: α=0.5
? 11:  = 0:5 ??? 10 1 ???????????? max ?????
(?? E)
???????????????????????????
6 ???
???????? 2 ????????????shearing box ???????????
???????????????????????????????????????
????????????????????????? 2 ????????? 2 ??
?  < 2?????????????????? [1]???????????????
???????????????????????????????????? 2???
Kelvin-Helmholtz???????????????????????????????
?????????
 = 1???????? [1]??????????????????????????
??????????????? 2????????????????????????
??????????????  = 0:5???????????????t = 15??? 2
????????????????????????????????????????
????????????????????????????????????????
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????????????
???????????? (Nx; Ny) = (200; 200)????????????????
????????????????????????????????????????
????????????????????????????????????????
???????t > 15? j~kyj > 20????????????????????????
????????????????????????????????????????
??? [9]?
???????????????????????????????????????
?????????????????????????????????? ?????
????????????????????????????????????????
??????????????????? ? ??????????????????
??????????CPU?????????????? 6???? t = 15??? 4
???t = 18??? 8.6???? 8???? t = 12:4??? 11???????????
???????????GPU???????????????????????
?????????????????????????????1?????????
????????????????????????????????????????
????????????????????????2???????Kelvin-Helmholtz
????????????????????????????????????????
???????????????????????????
??
??????????,???????????????????????????.?
???????????? ???????????????????????????
?????????
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?? A Shearing box?????????????
??????r2? 2??????????????????? r2
i;j
=
i+1;j   2i;j + i 1;j
h2x
+
i;j+1   2i;j + i;j 1
h2y
+O(h2x) +O(h
2
y) (102)
????j = 0????y ????????? shearing box?????????????
??4???? Lagrange??
f(x; k   1; k; k + 1; k + 2) 
2X
m= 1
ff+mlm(x)
lm(x) =
Y
 1m02
m 6=m0
x  xm0
xm   xm0
(103)
?????
i; 1 = f(x; k   1; k; k + 1; k + 2) +O(h4x) (104)
????????????? k ? 3.5??????????????????j = Ny ?
????????????(102)?????????????????????????
O

h4x
h2y

+O(h2x) +O(h
2
y) (105)
????hx = hy = h?????????(105)? O(h2)??????????????
???????????????hx ? hy ????????????????? 2???
???????????????? 4?????????????????????
????????????????? 2????????? 2?????? 4????
???
(x; y) = A sin(2x+ (10  2t)y) (106)
A = 104; t = 5:345 (107)
???? Poisson??? ! = r2?  =2 < Lx < =2; =2 < Ly < =2?????
???????????????????????
!(x; y) =  B sin(2x+ (10  2t)y) (108)
B =
A
4 + (10  2t)2 (109)
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(b) Nx ??
? 12: ??? 2???????????? El ?????????(a)Nx ?
????????? El ?Ny ???(b)Ny ?????????? El ?Nx
???
????Ny ??????? Nx ??????? Nx ??????? Ny ???????
??????????????????2?????????? 12? 4???????
??? 13??????????????????????
El =
1
B
max
i=1;2; ;Nx
j=1;2; ;Ny
j!(xi; yj)  !i;j j (110)
?????
2?????????????? 12(a)???Ny ????????El?????O(h2x)
?????????????????????? 12(b)???hy ??????? El ??
???????????????2?????????????????????????
4?????????????? 13(a)???Ny ????????hy < hx ?????
El ????? O(h2x)?????????????????? 13(b)???hx ??? hy
????????????????????????2??????????? hy ??
???????? El ??????????4???????????????????
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(b) Nx ??
? 13: ??? 4???????????? El ?????????(a)Nx ?
????????? El ?Ny ???(b)Ny ?????????? El ?Nx
???
?? B ????????????????????
B.1 ?????
??? u(x; t)??? c = const: > 0? x???????? 1???????????
????????
@u
@t
=  c@u
@x
(111)
????????????????????
u(x; t) = f(x  ct) (112)
??????? f(x) = u(x; 0)????
? (111)????????? 2? Adams-Bashforth???????????????
?????????
un+1i = u
n
i +
3
2

uni+1   uni 1
2h
  1
2

un 1i+1   un 1i 1
2h
(113)
??????? h????????????????????? 1?????? Euler
??????
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B.2 ???
? (113) ????? (111) ????????????? c = 1???? u(x; 0) =
sin

2

x

????????? u( ; t) = u(; t)??????????? ????
??? = 2;  ? 2?????????????
?????  = 0:001???????? N = 10; 20; 40; 80; 160(h = N=2)????
??? t = 5; 10???? u(t)?? 14?15????N  320????????????
??????
B.2.1 ??
?? t = 5?????????????
Em = max
i=1;2; ;N
ju(xi; t = 5)  uij (114)
???????????u(xi; t = 5)???? (112)? t = 5???????? xi ???
??????????????????? 16????? 16?????????????
??? h2 ?????????????????????
B.2.2 ????????
? 14?15??????????????????????????????????
??????????????????????????
???????? gnuplot???? sin

2

(x  a)

(ct   a  ct)??????
?????? a????????a???? h?????????????? vp ????
???????? c = 1??? vdi ????????? 2???? 17?18????
? 17 ???????????????????????????????????
?????2 ?????  ???????????????????????????
????????????????????????????????????????
vdiff  O(10 3) ??????????????????  ???? 0.02 ?????
?????????????????
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? 14:  = 2 ??????
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(b) t = 10
? 15:  =  ??????
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? 2:  = 2 ??? N; t?????? a????? vp
(a)  = 2
N h a@t = 5 a@t = 10 vp vdi
10 0.6283 4.677 9.355 0.9354 6:45 10 2
20 0.3142 4.918 9.836 0.9836 1:64 10 2
40 0.1571 4.979 9.959 0.9959 4:11 10 3
80 0.07854 4.995 9.990 0.999 1:03 10 3
160 0.03927 4.999 9.997 1.000 2:57 10 4
320 0.01963 5.000 9.999 1.000 6:4 10 5
640 0.009817 5.000 10.000 1.000 1:6 10 5
1280 0.004909 5.000 10.000 1.000 4 10 6
(b)  = 
N h a@t = 5 a@t = 10 vp vdi
10 0.6283 3.784 4.427 0.757 2:31 10 1
20 0.3142 4.677 9.355 0.935 6:45 10 2
40 0.1571 4.918 9.836 0.984 1:63 10 2
80 0.07854 4.979 9.959 0.996 4:11 10 3
160 0.03927 4.995 9.990 0.999 1:03 10 3
320 0.01963 4.999 9.997 1.000 2:55 10 4
640 0.009817 5.000 9.999 1.000 6:3 10 5
1280 0.004909 5.000 10.000 1.000 1:4 10 5
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?? C 1 ??? ??????
^?????????? (90)? t = 0? ^??? d^=dt??????????????
???????????????????? 1 ??? ! (= r2) ?????????
???????????????????????????????? ^1 (t = 0)???
?????????? d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